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Annealing is a critical step during the wire drawing of copper to produce wires with the required ductility and
conductivity for electrical applications. In this investigation, the characteristics of commercial annealers for wire
drawing of electrolytically refined tough-pitch copper (Cu-ETP) and oxygen-free upcast copper (Cu-OF) wires
were assessed through annealer curves with respect to applied voltage and resulting percentage elongation of final
products. Experiments were carried out on three M315 Niehoff machines of varying speeds used for medium wire
drawing from 2.2 mm diameter to 0.66 mm and 0.53 mm diameters. The results show similarities and differences
between annealer curve characteristics of wire drawing machines regarding the required voltage for minimum
and maximum elongation of wires without oxidation depending on the type of copper raw material used. In
particular, the minimum 18% required elongation of wires was achieved with the same applied voltage irre-
spective of the machine speed and type of copper. In addition, Cu-OF reached higher maximum percentage
elongation without oxidation of the wire compared to Cu-ETP.1. Introduction
Copper plays a crucial role in the development of any country because
it is the main material used in cables for the distribution of electrical
power to and within human settlements, factories and transportation
systems. Copper wires for electrical purposes are manufactured using
standard grade electrolytically refined tough-pitch copper (Cu-ETP) or
oxygen-free copper (Cu-OF) from an upcast process [1]. The dynamically
recrystallised grains of the Cu-ETP are equiaxed while the ones of Cu-OF
are as-cast, large columnar grains. Fig. 1 shows the typical microstruc-
tures of Cu-ETP and Cu-OF [2,18].
1.1. Copper wire drawing
The process of wire drawing of copper involves rod breaking where a
7.9- or 8-mm diameter (Ø) rod is drawn through successive tungsten
carbide dies of 6 mm Ø down to about 2.2 mm Ø or less. The dies are
submerged in a water-soluble lubricant that cools down the wire and
reduces the wear on the dies during the wire drawing process. The wire is
finally passed through an inline electric resistance annealer which uses
steam as a reducing environment to prevent oxidation of copper wires
during annealing and helps maintain the bright colour of the copper [3].nganayi), dnyembwe@uj.ac.za (K
ted 9 September 2020
is an open access article under tThe metallurgical annealing process of the cold-drawn wires restores the
ductility and electrical conductivity.
The literature has shown that the recrystallisation temperature of Cu-
ETP is affected by different amounts of various impurities [4]. According
to the studies, sulphur (S), lead (Pb) and bismuth (Bi) increase the
recrystallisation temperature of pure copper (Cu). It was also found that a
10-ppm increase in S, for example, raises the recrystallisation tempera-
ture by 60 C. (Fig. 2).
As the residence time of wire during inline annealing is very short
(milliseconds) any increase in impurity levels of copper may be detri-
mental to the mechanical properties of the final drawn wire. Control of
the main impurities is also important in maintaining the high conduc-
tivity of copper measured by %IACS (International Annealed Copper
Standard) [5]. There has also been extensive work on the effect of im-
purities, such as phosphorous (P), sulphur (S) and oxygen (O), on the
properties, including electrical conductivity, of Cu-OF [6]. This research
found that P exists in solid solution in Cu at 300–800 C. P in solution
decreases conductivity by 0.73% for each l0 ppm to 60 ppm added [6]. In
practice P is kept at<5 ppm. (See Annexure A of results of materials used
in this experiment). Regarding S, only the existence of Cu2S, which is
thought to cause hot shortness during rolling, has been reported. The
presence of O as Cu2O and its effects on hot and cold shortness have been. Nyembwe), kmageza@uj.ac.za (K. Mageza).
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Microstructure of a) Cu-ETP b) Cu-OF [2,11].
Fig. 2. Effects of impurities on the recrystallisation temperature [8].
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lisation temperature. Cu2O is reported to reduce electrical conductivity
by 0.126% for each 0.01% of oxygen [6,7]. It is for this reason that when
producing Cu-OF, the cathodes are remelted in a highly reducing envi-
ronment by lancing carbon monoxide (CO) or using graphite or charcoal
[1].
1.2. Annealer curves
Annealer curves are graphs that show the variation in the degree of
annealing as a function of percentage elongation as a function of the
annealer applied voltage during inline resistance annealing [9]. The
graph has an S-curve, which shows a slow increment of percentage
elongation at the beginning followed by a rapid rise and flattening to-
wards the end. The S-curve is in line with the three-solid state phe-
nomenon involved during metallurgical annealing, namely recovery,
recrystallisation and grain growth in the electrical conductor [10]. The
determination of annealer curves is essential for the optimisation of
copper cable manufacturing, in order to obtain the required electrical
properties, including resistance and conductivity. Because of the differ-
ence in the microstructure of the two types of copper cable rawmaterials,
experience has shown that Cu-OF will anneal at higher voltages (and
therefore higher temperatures) than Cu-ETP, usually in the order of
10–15% or more [11].
Annealer curves of copper wires are very seldom published in scien-
tific literature as they are considered confidential operational parame-
ters. In this paper, the annealer curves were derived to determine the
common voltage and machine speed for processing different wire sizes of
Cu-ETP and Cu-OFwithout having to adjust the machine parameters each
time a different material was used. As such, the paper provides useful
data for process control during annealing of commercial copper wires. A
better understanding of copper cable response during annealing could be
gained from this investigation.2
2. Experimental procedure
2.1. Raw materials
A Cu-ETP rod of 7.9 mm Ø and a Cu-OF rod of 8 mm Ø with chemical
compositions, as shown in Annexure A, were used at the start of the wire
drawing process. These copper rods were initially drawn down to 2.2 mm
Ø wire size. The 2.2 mm Ø wire was further drawn down to 0.66 mm Ø
and 0.53 mm Ø using medium wire drawing machines. The wire sizes
used for the experiment were selected because they are themost common
sizes used at the South African copper cable manufacturing plant where
this investigation was carried out.2.2. Wire drawing machines and operating parameters
The experiments were carried out on M315and MM315 Niehoff ma-
chines. The machines used for mediumwire drawing were equipped with
inline resistance annealers [16]. These machines are referred to as ma-
chine 1, machine 2 and machine 3. Machine 1 was a seven-wire drawing
machine used to draw wires from 2.2 mm to 0.53 mm Ø, while machines
2 and 3 were single-wire drawing machines used to draw 2.2 mm Ø wire
to 0.66 mm Ø wire. Castrol Iloform BWS 153 lubricant was used during
the wire drawing and annealing processes. The pH and fat content of the
lubricant were kept at the operating levels prescribed by the manufac-
turer. Steam from the lubricant was used as the reducing environment.
The different machine speeds selected for wire drawing varied from 9 to
20 m/s. The speeds for each machine were kept constant throughout the
experiments. The voltage was then varied for all three machines starting
from a minimum of 13 V to a maximum of 38 V, in line with production
parameters to avoid wire tarnishing due to oxidation at high tempera-
tures. The empirical relationship between the speed of the wire and the





where U ¼ voltage, v ¼ speed of wire and k ¼ annealer factor with k ¼
8.2.
During resistance annealing a current is passed through the wire at
different contact points by means of contact wheels while the wire is
being transmitted at very high speeds, sometimes up to 60 m/s. The
heating during resistance annealing is based on the adiabatic heating
which ignores heat loss during heating and only concentrates on the
temperature rise. This is based on the following adiabatic heating
equation [12].
J2ðtÞρ ðTÞdt ¼ μCðTÞdT (2)




C(T) ¼ specific heat.
Fig. 3. Graph of voltage vs percentage elongation for 0.53 mm Ø, 7 strands Cu-
ETP and Cu-OF copper run on machine 3 at 9 m/s. Fig. 4. Graph of voltage vs percentage elongation for 0.66 mm Ø Cu-ETP and
Cu-OF copper run at 11 m/s on machine 2.
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The ohmic heat produced during a time interval, dt, causes a tem-
perature rise of dT in the conductor [13].
The above equation can be integrated and used to find the relation-
ship between the cross-section area of the wire and current (I), which is
then used to calculate different settings for different wires on different
machines.
The experimental determination of an annealer curve was carried out
following a prescribed and common procedure that was found to be
practical and to work best. Once the specific speed of the machine was
selected, the voltage was then increased slowly while the samples in the
wire bobbins were separated by a sample marker with the specific
voltage written on it. This was done until the wire turned dark or was
tarnished. The bobbins were then taken for rewinding while collecting
the samples at each test voltage for tensile test.Fig. 5. Graph of voltage vs percentage elongation for 0.66 mm Ø Cu-ETP and
Cu-OF copper run at 20 m/s on machine 3.2.3. Mechanical testing
Elongation was the most important mechanical property of the wire
to be determined as this was used to establish the annealer curves for all
the machines for the different types of copper used in the medium wire
drawing machines. For each point on the annealer curve, three samples
were used to obtain the average percentage elongation value for all three
machines. The percentage elongations were obtained through tensile
(UTS) measurements on an Instron 3369 Tensile test machine loaded
with Bluehill software at a constant strain rate of 96 mm/min at room
temperature.
3. Results and discussions
3.1. Annealer curves
Fig. 3 shows the annealer curve results on machine 1. The minimum
required elongation of 18%, as specified by SANS 1411–1:2008 [14], was
achieved at around 18 V. 22% for the single wire and 20% for the multi
wire was achieved at 20 V, as specified by BS EN 13602:2013 [15]. The
results display an average taken from 7 wires. The highest percentage
elongation values of 29% at 25 V for Cu-ETP and 36.5% at 23 V for Cu-OF
were achieved. Cu-OF was observed to start tarnishing at 24 V and 34%
elongation while Cu-ETP tarnished earlier at 28 V at an elongation of
27%. For this machine, a common voltage range of 21–23 V will yield the
maximum percentage elongation at the optimum speed without tarn-
ishing either wire.
Fig. 4 shows the annealer curves related to medium wire drawing3
machine 2 for the two types of copper. As can be observed from both
annealer curves, the minimum required 18% elongation for single wire
drawing was achieved at 17 V.
Because the wires are further processed by bunching and insulation it
is advised that the percentage elongation be much higher than the
minimum value to avoid failures at later stages of processing. The highest
percentage elongation values of 31% were achieved at 23.5 V for both
Cu-ETP and Cu-OF. The wire at this voltage was tarnished due to
oxidation. Cu-OF was observed to start tarnishing at 23.5 V while Cu-ETP
tarnished earlier at 22.6 V at an elongation of 29.45%. For machine 2,
there is a big operating window for the adjustment of annealer voltages
while still achieving the correct elongation and colour of the wire if
current conditions of the machine are to be used. For this machine, a
common voltage range of 21–23 V will yield the maximum percentage
elongation at the 11 m/s without tarnishing either wire.
Fig. 5 shows the annealer curve results of experiments carried out on
machine 3. The minimum required elongation of 18% was achieved at
around 28 V which is much higher than that of machines 1 and 2 which
occurred at 17 V and 18 V respectively. This could be attributed to less
resistance on the annealer of machine 3 due to a higher operating wire
drawing speed of 20 m/s compared to 9 m/s and 11 m/s for machines 1
and 2 respectively.
The highest percentage elongation values of 35% at 38.2 V for Cu-ETP
Fig. 6. Applied voltage required for 18% minimum elongation of wire.
Fig. 7. Maximum elongation at maximum voltage before tarnishing of wire.
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ductility is achieved at these voltages, the wires could not be used as they
were tarnished due to oxidation. Cu-OF was observed to start tarnishing
at 33 V and 33% elongation while Cu-ETP tarnished earlier at 31 V and
an elongation of 29%. For machine 3, there is an even larger operating
window for the adjustment of annealer voltages while still achieving the
correct elongation and colour of the wire if the present conditions of the
machine are to be used. For this machine, a common voltage range of
29–32 V yielded the maximum percentage elongation at 20 m/s without
tarnishing either wire.
Fig. 6 provides additional insight into the relationship between the
machine speed and the voltage required to achieve the minimum elon-
gation in the different materials.
In addition, there seems to be no difference between Cu-OF and Cu-
ETP regarding the required voltage to achieve the minimum percent-
age elongation of 18% irrespective of machine speed. This could arguably
be true for the wire sizes considered in the investigation. The phenom-
enon could be due to a higher percentage reduction in area from 2.2 mm
to 0.53 and 0.66 mm which represents more than 80% cold work [16].
Fig. 7 shows the comparison of maximum elongation achieved
without tarnishing of wires between Cu-ETP and Cu-OF. It appears that
Cu-OF can achieve a higher maximum percentage elongation without
oxidation of the wire compared to Cu-ETP for the different machine
speeds. This is attributed to Cu-OF having fewer impurities, such as
Cu2O, than are present in Cu-ETP [17,18].
4. Conclusions
The study assessed the annealer curve characteristics of medium wire
drawingmachines for raw Cu-ETP and Cu-OF. The investigation indicates
that no adjustment of operational parameters of wire drawing machines
is required to achieve a minimum stipulated elongation when input wire4
is switched from Cu-ETP to Cu-OF for the considered size reduction from
2.2 mm diameter to 0.66 mm and 0.53 mm. For this level of percentage
elongation, the required applied voltage in the annealer increases with
the wire drawing machine speed. The study also corroborated that raw
Cu-OF is superior to Cu-ETP in terms of the maximum achievable elon-
gation at the highest possible voltage in the annealer without wire
oxidation as it contains less than 10 ppm of oxygen as can be seen in the
chemical analysis provided in Annexure A. The investigation contributes
to a better understanding of copper annealing post wire drawing. It also
provides a guideline for the optimum operation of medium wire drawing
machines for the different types of copper used in the cable industry.
Future investigation will include the measurement of electrical wire
properties and could possibly explore different wire sizes.
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Chemical composition of 8 mm Cu-OF and 7.9 mm Cu-ETP rods used in the experiments.CHEMICAL ANALYSISSample Number 8 mm Cu-OF 7.9 mm Cu-ETPCu BAL BAL
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CHEMICAL ANALYSISSample Number 8 mm Cu-OF5

















COND % IACS n/a n/a
Recovery n/a n/aReferences
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